Retinal is one of Nature's most important and widespread chromophores, exhibiting remarkable versatility in its function and spectral response, depending on its protein environment. Reliable spectroscopic and photochemical data for the isolated retinal molecule are essential for calibrating theoretical approaches that seek to model retinal's behaviour in complex protein environments. However, due to low densities and possible co-existence of multiple isomers, retinal is a challenging target for gas-phase investigations. Here, the photoisomerization behaviour of the trans isomer of the retinal protonated Schiff base (RPSB) is investigated in the gas phase by irradiating mobility-selected RPSB ions with tunable light in a tandem ion mobility spectrometer. trans RPSB ions are converted to single cis isomers and also more compact isomers through irradiation with visible light. The S 1 ' S 0 photoisomerization action spectrum of trans RPSB, obtained by monitoring production of cis isomers as a function of wavelength, exhibits a single well-defined peak with a maximum at 618 AE 5 nm. Corresponding action spectra of cis RPSB isomers exhibit broader peaks, conclusively demonstrating an isomeric dependence for the RPSB spectrum in the gas phase. ; Tel: +61 3 8344 7082 † Electronic supplementary information (ESI) available: Additional details for collision cross section measurements, arrival time distributions obtained with different injection conditions, PISA spectra for isomers A, B and C obtained by monitoring different photoproduct channels, and a compilation of calculated energies and collision cross sections for RPSB isomers. See
Introduction
Harvesting light to perform cellular functions is a keystone of biological systems, which normally combine three-dimensional protein structures and chromophore sub-units that function with remarkable efficiency, specificity and tunability. Retinal is widespread as a chromophore in light sensitive cells, where it is hosted by opsin-type proteins, anchored as RPSB to a lysine residue (see Fig. 1 ), and is responsible through its photoisomerization for initiation of cellular signalling processes including animal vision and for photosynthesis in bacteria. 1 Two features of RPSB stand out -the tunability of its spectral response and the specificity of its isomerization pathways. In the visual receptors of animals, retinal is converted from the 11-cis isomer to the trans isomer, whereas in photosynthetic bacteria and archaea it is converted from the trans isomer to the 13-cis isomer. The absorption characteristics of retinal-containing opsins vary widely between different species, as well as between members of the same species, despite sharing the same chromophore.
For example, the scotopic pigment of Euphasia pacifica, a deep water fish, has an absorption at 462 nm, whereas similar pigments found in surface-dwelling fish have an absorption maximum close to 500 nm. 2 In comparison, humans possess three distinct rhodopsin pigments associated with colour vision, with absorption maxima at 425, 530 and 560 nm. 1 The tunability of RPSB's spectral response in biological systems stems from several factors. The quaternary structure of the protein scaffolding surrounding the chromophore dictates the nature of electrostatic interactions between protein residues and the chromophore, which in turn influence the absorption wavelength. Furthermore, the ground electronic state of RPSB can be stabilized by a counter-ion neighbouring the protonation site, causing a blue shift in the absorption. Conversely, a counter-ion situated near the b-ionone ring stabilizes the excited state leading to a red shift. 1 The protonation state of the chromophore also influences the pigment's absorption profile; the unprotonated retinal Schiff base absorbs light in the UV region (l max = 360 nm), whereas RPSB absorbs visible light (l max = 450 nm). 1 Finally, the absorption wavelength of RPSB depends subtly on its isomeric form. For example, in a hexane solution 9-cis RPSB absorbs at 441 nm, whereas the all-trans isomer absorbs at 458 nm. 3 A crucial step in understanding the protein's influence on the spectral response of RPSB and explaining the specificity for isomeric conversion lies in thoroughly characterizing the isolated chromophore. For reasons of tractability the RPSB chromophore is usually modelled as the retinal protonated Schiff base with a butyl group replacing the lysine chain ( Fig. 1) . Early studies focused on the photophysical properties of different RPSB isomers in solution. Spectroscopic and HPLC experiments revealed that in solution all-trans RPSB photoisomerizes mainly to the 11-cis and 13-cis forms, with traces of the 7-cis and 9-cis isomers, whereas 11-cis RPSB photoisomerizes exclusively to the all-trans isomer. 3, 4 Subsequent NMR studies largely confirmed these isomerization pathways; the main photoisomer from the all-trans isomer was found to be 11-cis, followed by 9-cis. 5 After continued excitation, the NMR spectra became complicated and difficult to assign. HPLC analysis confirmed that the primary photoproduct of the all-trans RPSB was the 11-cis isomer, and that all cis isomers reverted exclusively back to the all-trans isomer following absorption of a photon. 6 The visible absorption spectrum of RPSB isolated in vacuo was recorded first using photodissociation action spectroscopy in an ion storage ring. 7 The original spectrum displayed an asymmetric band in the visible region with a maximum at 610 nm, and with a steep onset on the long wavelength side. 7 In contrast, the most recent photodissociation spectrum exhibited a flat-topped peak with a plateau extending from 610 to 530 nm that was explained in terms of contributions from RPSB molecules in thermally accessible 6s-cis and 6s-trans conformations, which were predicted to have absorptions separated by 70 nm. 8 The CASSCF calculations upon which this interpretation was based were subsequently contested by Valsson and Filippi who predicted instead a minor dependence of the absorption wavelength on the configuration of the 6s bond. 9 The controversy emphasizes the importance of understanding and preferably controlling the isomeric constitution of the RPSB sample before photoexcitation.
In order to characterise the photoisomerization behaviour of selected RPSB isomer ions in the gas phase we have exploited a combination of ion mobility spectrometry and laser spectroscopy, separating RPSB isomers in a drift-tube ion mobility spectrometer (IMS) and using the photoinduced change in drift mobility as the basis for PISA spectroscopy. 10 Originally, we observed at least 5 different RPSB isomers, some of which could be interconverted through exposure to visible light. The RPSB PISA spectrum displayed a maximum at 615 nm and possessed a similar band shape to the original photodissociation spectrum described in ref. 7 (i.e. no plateau extending from 530 to 610 nm). However, there was some ambiguity in the investigation because the irradiated ion packet contained different RPSB isomers, all of which possibly contributed to the measured spectrum. Here, we reduce uncertainties by probing mobility-selected RPSB isomers using a tandem IMS-photo-IMS arrangement, measuring the wavelength dependence for photoisomerization, and branching ratios for formation of different product isomers. Most importantly, through appropriate sample preparation and mobility selection we are able to isolate trans RPSB and record its PISA spectrum, the first occasion that a specific RPSB isomer has been spectroscopically probed in the gas phase.
The use of tandem IMS-photo-IMS to probe photoisomerization of RPSB complements recent collisional studies by Toker et al. 11 in which the isomerization of mobility-selected RPSB isomers was investigated using the tandem IMS-collision-IMS approach of Clemmer and colleagues. 12 Isomerization barriers extracted from the analysis ranged from 38 to 96 kJ mol À1 , with the barrier between the two dominant isomers estimated to be 62 kJ mol À1 . 11 
Experimental strategy
The experimental approach involves irradiating RPSB in a custom built tandem, IMS-photo-IMS apparatus, described in ref. [13] [14] [15] . Briefly, ions propelled by an electric field through a neutral buffer gas are separated on the basis of their collision cross sections. The drift velocity (v d ) of an ion moving under the influence of a weak electric field is proportional to the applied electric field (E), 16 v
Here, K, the ion's mobility, is given by the Mason-Schamp equation:
(
where O (1,1) (T) is the temperature dependent orientationally averaged collision integral, z is the number of elementary charges on the ion, e is the electronic charge, N is the number density of the gas, k B is Boltzmann's constant, m is the reduced mass, and T is the absolute temperature. O (1,1) (T) is related to the potential energy surface describing the interaction between the neutral buffer gas and the ion, and so is sensitive to molecular conformation. Extended isomers have larger collision cross sections and drift more slowly through gas than their compact, folded counterparts. Photoisomerization results in a small change in collision cross section so that the parent isomer and photoisomer(s) can be distinguished spatially and temporally in a drift-tube IMS. The experimental layout is shown in Fig. 2 . RPSB cations were electrosprayed from a 10 À5 M solution of trans RPSB in a 1 : 1 mixture of methanol and H 2 O with 0.2% acetic acid. Care was taken to shield the solution from light prior to electrospray. The ions entered the tandem IMS-IMS machine through a heated desolvation capillary (T = 400 K) and were accumulated in an ion funnel (IF1) before being launched in a 100 ms pulse through an electrostatic ion gate (IG1) into a 0.9 m drift tube filled with N 2 buffer gas (P E 6 torr, E = 44 V cm À1 ). Approximately halfway along the drift region is a Bradbury-Nielsen ion gate (IG2) that was opened fully to use the machine as a standard IMS apparatus, or pulsed open (typically for 100 ms) to operate the machine as a tandem IMS-IMS apparatus. At the end of the drift tube, the ions were gathered radially using a second ion funnel (IF2) before passing through a 0.35 mm orifice into an octopole ion guide from which they exited through a 3 mm orifice into a quadrupole mass filter (QMF) set to m/z = 340 Da. Ions exiting the QMF were sensed using an electron multiplier connected to a discriminator and a multichannel scaler. The apparatus was run at 20 Hz and the ions' ATD was built up as a histogram of ion counts versus time. The mobility resolution for the RPSB ions is typically t f /Dt f E 60. Under usual operating conditions, the effective temperature of the drifting ions is predicted to be 314 K. 17 Nitrogen rather than helium was used as a buffer gas because of its higher threshold for electrical breakdown, allowing the drift tube to be operated at higher drift voltage improving the mobility resolution and isomer separation.
For photoisomerization studies, mobility-selected ion packets were irradiated 15 mm after passing through IG2, with the 10 Hz output of a pulsed, tunable optical parametric oscillator (OPO, l = 410-710 nm, 5 ns pulse width, E5 cm À1 bandwidth, E1 mJ per cm 2 per pulse energy flux). Every second packet of ions was intercepted by a laser pulse. Laser-induced changes in the isomer populations are reflected in the difference between laser-on and laser-off ATDs. By recording difference ATDs at different wavelengths, it is possible to chart the wavelength dependence for depletion of the initially selected isomer and photoisomer formation. These photoisomerization action (PISA) spectra were normalized by the photon number at each wavelength.
All-trans RPSB was synthesised by exclusion of light in an N 2 atmosphere as described previously. 18 The sample purity was checked using electrospray time-of-flight mass spectrometry. Isomeric purity was established by comparison of 1 H NMR data with literature data (see ESI †). 19 Collision cross sections (O) for RPSB isomers were determined by measuring the arrival time (t f ) for mobility-selected ions while varying the potential difference (V d ) between the second ion gate and entrance to the second ion funnel over the 1000-2000 V range.
The plot of t f versus 1/V d yields a straight line whose slope is proportional to O (see ESI †). Cross sections measured in this way are 1-2% larger than our previously reported values, 10 which were determined from the ion flight time over the entire drift tube, second ion funnel, octopole and quadrupole, and which made allowance for counterflow of N 2 gas near the first ion gate.
Results and discussion

DFT calculations and predicted mobilities
Relative energies and collision cross sections of RPSB isomers were calculated to help interpret the experimental ATDs. There are 2 9 = 512 possible combinations of cis and trans configurations for the single and double bonds along the polyene chain from C7 to N (see Fig. 1 ). Furthermore, the potential energy curve corresponding to torsion about the C6-C7 bond has 3 minima [6s-cis(+), 6s-cis(À), 6s-trans forms], 9 giving a total 512 Â 3 = 1536 possible geometric isomers, although because of steric interference many of these isomers are unstable. Previously we used density functional theory (DFT) with the M06-2X/functional and the cc-pVDZ basis set to calculate energies and collision cross sections for E100 lower energy isomers (including almost all single and double cis isomers), and also estimated selected isomerization barriers. 10 We have extended these computations by calculating the energies and structures of the remaining single and double cis isomers, along with selected triple cis and cyclic isomers. The calculations were undertaken using Gaussian 09. 20 Collision cross sections and mobilities were predicted using the classical trajectory method (TM) in the Mobcal program. 21, 22 As explained in ref. 10 and the ESI, † collision cross sections for the different isomers were averaged over the three configurations for the 6s bond. Atom-atom interaction parameters for collisions between N 2 and RPSB were taken from ref. 23 . Selected energies and Fig. 2 Ion mobility spectrometer for investigating photoisomerization of RPSB ions. Electrosprayed RPSB ions pass through a heated desolvation capillary (T E 400 K) and into the first ion funnel (IF1) from where they are injected through an electrostatic ion gate (IG1) into the drift region (N 2 gas, P E 6 Torr, E E 44 V cm À1 ). After travelling 45 cm through the drift region the ions meet a second ion gate (IG2) that is opened to transmit the desired isomer. Shortly after IG2 the ions are exposed to the pulsed output of an OPO. After passing through the drift region, ions are collected by a second ion funnel (IF2), and pass through a 0.35 mm orifice into an octopole ion guide and then a quadrupole mass filter. The sample solution can be irradiated with 460 nm light to induce RPSB isomerization prior to electrospray.
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collision cross sections are presented in Table 1 , while a comprehensive data set is provided in the ESI. †
Selective preparation of RPSB isomers
The main goal of the current study was to investigate the photophysical properties of selected RPSB isomers, particularly trans RPSB. Therefore, we systematically studied the influence on the isomer populations of pre-irradiating the electrosprayed solution, and also on the role of collisional excitation of the ions prior to their injection into the drift tube. In our previous study we identified 5 distinct peaks in the RPSB ATD. 10 Although it is tempting to associate each of the observed ATD peaks with a specific RPSB isomer, it is possible that each peak contains contributions from several isomers with similar arrival times. Nevertheless, bearing this in mind, it is convenient in the following discussion to refer to each ATD peak as a specific isomer with the tacit understanding that they may actually represent several isomers. In the first experiments, we electrosprayed a solution of trans RPSB that had been shielded from light, and with the RF drive voltage for IF1 switched off to avoid collisional excitation of the ions prior to their injection into the drift tube. The resulting ATD, shown in Fig. 3 , is dominated by peak A but also features the faster, less intense peak C, and two very weak peaks, B and D. These peaks were identified in our previous study. 10 If the solution was cooled and protected from light for several days, peaks B-D disappeared almost entirely, leaving only peak A (see Fig. S3 in the ESI †). In contrast, as shown in Fig. 3 , if the sample solution was exposed to 460 nm light, peak A was progressively depleted, whereas peaks B and C were enhanced, and a new peak E appeared. Peak D was unaffected by radiative pretreatment of the solution. The process was largely reversed if the blue light was blocked and the solution was returned to darkness, with peaks B, C and E diminishing and peak A being replenished (Fig. 3) .
In a second set of experiments we investigated the effect of progressively increasing the RF drive voltage for IF1, promoting collisional activation and isomerization of the ions before they were launched into the drift tube. As noted above, at low IF1 RF drive voltage and when dark-adapted RPSB solution was electrosprayed, the ATD was dominated by isomer A [ Fig. 4(a) ]. However as the RF drive voltage was increased [ Fig. 4(b) ], isomers B and D were progressively generated, presumably through collisional activation of isomer A. On the other hand, as explained above, if the RPSB solution was irradiated with 460 nm light, the ATD obtained at low IF1 drive voltage showed evidence for isomers A-C and E [ Fig. 5(a) ]. As the IF1 drive voltage was raised, isomer A was again converted to isomer B, while the population of isomer D also increased. Interestingly, isomer E was destroyed by collisional activation in IF1, perhaps an indication that it is separated by a low barrier from a more stable isomer. Furthermore, at higher IF1 drive voltage, isomer C Table 1 DFT M06-2X/cc-pVDZ energies for RPSB isomers (corrected for vibrational zero point energy), barrier heights for transcis isomerization (V b ), and collision cross sections with N 2 calculated with the TM. 21, 22 Relative energies are given for 6s-cis(À) conformer of each isomer. Collision cross sections for the single cis isomers are averages over the 6s-trans, 6s-cis(À) and 6s-cis(+) configurations as explained in the ESI. Representative energies and collision cross sections for double-cis, triplecis and cyclic isomers that lie within 75 kJ mol À1 of the all-trans isomer are also provided. An extended data compilation is given in the ESI
All-trans 0 -219.9 7-cis 13 arrives at slightly longer time than at low drive voltage, giving a new peak labelled C 0 . The slight difference in arrival times for isomers C and C 0 is discernible in Fig. S2 in the ESI. † As explained below, isomers C and C 0 have distinct photochemical properties.
Overall, the transformations of the ion populations caused by collisions in IF1 are consistent with the tandem IMS collisional activation experiments of Toker et al. 11 which showed that isomer A is mainly converted by collisions to isomer B, whereas at higher energy two other more compact isomers (labelled X and Y in their paper) were also formed. There are differences in the two experiments that make detailed comparisons difficult, including use of different buffer gases (N 2 versus He), preparation conditions (isomer B is more abundant than isomer A in the experiments of Toker et al.), and lack of any obvious correspondence between isomers C, C 0 , D and E in our ATDs, and isomers X and Y in the ATDs of Toker et al. Note that the isomerization energy estimated by Toker et al. (60 kJ mol À1 ) is comparable to the calculated single bond isomerization energies (30-80 kJ mol À1 ) but is less than the calculated double bond isomerization energies (100-130 kJ mol À1 ).
Photoisomerization of mobility-selected RPSB isomers
3.3.1 Isomer A -trans RPSB. Photoisomerization of mobilityselected RPSB isomers in the gas phase was investigated by operating the machine in tandem IMS-photo-IMS mode. For probing isomer A we electrosprayed dark-adapted trans RPSB solution and operated IF1 at low RF drive voltage to limit collision induced isomerization. Fig. 6(a) shows the ATD obtained when IG2 was opened for 100 ms with an appropriate delay such that only isomer A was transmitted (the laser-off signal is shown as a red dashed line). Shortly after passing IG2, the ion packet was irradiated with light from the tunable OPO. As shown by the laser-on/laser-off trace in Fig. 6(a) , visible light converted isomer A to the more compact isomers B, E, and C with a relative branching ratio of 0.76 : 0.15 : 0.09 (averaged over the 500-650 nm range). Notably, the distribution of photoisomers generated from isomer A in the gas phase was very similar to the one produced when the solution of trans RPSB was pre-irradiated with 460 nm light -production of isomers B, C and E, whereas isomer D was not formed. The sum of the B, C and E signals matches the depletion of A within 1%, proving that photodissociation was unimportant at the power levels used in these experiments. Photoisomerization data are summarized in Table 2 .
By plotting the photoisomer signal as a function of wavelength, one can generate a PISA spectrum corresponding to the selected isomer's absorption spectrum convoluted with the wavelength dependent photoisomerization yield. The spectrum of mobility-selected isomer A obtained by monitoring production of isomers B, C, and E is shown in Fig. 7(a) . The observed band, which corresponds to the S 1 ' S 0 transition, has a steep onset at 670 nm, a maximum at 618 AE 5 nm, and gradually declines at 470 nm. The onset of the weaker S 2 ' S 0 transition is apparent below 450 nm. Spectra obtained for different product channels and by monitoring the depletion of isomer A are all similar to the spectrum shown in Fig. 7(a) . These spectra are provided in the ESI. †
The fact that peak A dominates the ATD when the ions were generated from a solution of trans RPSB and were not subject to violent collisions in IF1 strongly suggests that it corresponds to trans RPSB, although it is possible that the 13-cis isomer, which is known to form thermally from the trans isomer, makes a minor contribution. 5 The trans RPSB spectrum is very similar to the previously reported PISA spectrum for a mixed RPSB isomer population (which was dominated by isomer A), 10 and also to the original photodissociation spectrum. 7 Naturally, the question arises as to how faithfully the PISA spectrum follows the RPSB absorption spectrum and whether the photoisomerization yield depends on wavelength. At this stage it is impossible to answer these questions definitely. Certainly there are no energetic constraints to photoisomerization, with estimated barriers for isomerization about single and double bonds (30-130 kJ mol À1 , see Table 1 and ref. 24) being much lower than the photon energies (170-290 kJ mol À1 ).
3.3.2 Isomer B. Photoisomerization of isomer B was examined in a similar fashion to that of isomer A. That is, IG2 was opened to transmit isomer B formed through pretreatment of the RPSB solution with 460 nm light and with RF drive voltage to IF1 switched off. Photo-excitation of isomer B with visible light yielded isomers A, E and C with relative branching ratios of 0.83 : 0.07 : 0.10 (averaged over the 500-650 nm range). The resulting difference ATD depicted in Fig. 6(b) clearly shows that isomer A is the main photoproduct. The PISA spectrum for isomer B, obtained by monitoring the total production of isomers A, C and E [ Fig. 7(b) ], is similar to the trans RPSB spectrum with a maximum at 615 AE 10 nm, but exhibits a poorer signal to noise ratio and a somewhat broader peak. At this stage, because it is difficult to cleanly select isomer B without some contamination from either isomer A or isomer E, the isomer B PISA spectrum and photoisomer branching ratios should be regarded as provisional.
Peak B presumably corresponds mainly to 11-cis or 9-cis RPSB, which are the chief photoisomers produced in solution from trans RPSB following visible irradiation, 3, 5 but may include contributions from other single cis isomers. Comparisons of measured and calculated collision cross sections support assignment of B to one or more single cis isomers. The measured collision cross section for isomer B is 2% less than that of isomer A, whereas in comparison, calculated cross sections for 11-cis and 9-cis RPSB are respectively 1% and 2% less than the calculated cross section for trans RPSB (see Table 1 ). The relatively broad PISA band obtained when isomer B is selected [ Fig. 7(b) ] may also be an indication that the ATD peak represents several different single cis isomers, each of which has a slightly different absorption band profile as found for RPSB in solution. For example, absorption maxima of 9-cis, 11-cis, 13-cis and trans retinal in hexane are reported to be 441, 458, 443 and 458 nm, respectively. 3 It is interesting to note that the flat-topped photodissociation spectrum of RPSB reported by Rajput et al. 8 resembles the isomer B PISA spectrum better than the isomer A PISA spectrum, suggesting that the ion population probed in the photodissociation experiment contained a mixture of trans and cis RPSB isomers.
The position and width of peak B in the ATD depends slightly on the ions' preparation (collisions in IF1 or photoexcitation of trans RPSB) with a slight broadening and shift of the peak maximum to shorter times as the IF1 RF voltage is increased. This is apparent in Fig. S2 (ESI †) which shows the influence of IF1 drive voltage on the ATD for RPSB preirradiated with blue light. Some change in the peak is expected given that in solution photoisomerization is a selective process, transforming trans RPSB primarily to 11-cis or 9-cis RPSB, 3, 5 whereas collisional excitation should generate a broader range of energetically accessible single and double cis isomers (7-cis, 9-cis, 11-cis, 13-cis) leading to overlapping ATD peaks that probably all contribute to peak B.
3.3.3 Isomers C, C 0 , D and E. Conditions that influence their formation and destruction provide clues to the identities of isomers C, C 0 , D and E. Isomer C is formed through treatment of trans RPSB with blue light in the syringe prior to electrospray. In the drift tube it photoisomerizes to yield isomers A and B with a PISA spectrum that is broader than those of isomers A and B (see Fig. S14 -S17 in the ESI †). Note however, that due to low signal, the laser power used for photoisomerization of isomer C was E5 times higher than that used for isomers A and B. Isomer C has a collision cross section 7.5% less than that of isomer A, suggesting that it is an RPSB isomer with 3 consecutive cis bonds. As noted in Section 3.2, collisional excitation of RPSB in the first ion funnel generates isomer C 0 , which has a slightly larger collision cross section than isomer C. Because isomer C 0 does not photoisomerize following absorption of visible light it is suspected to be a form in which the polyene chain has cyclized, disrupting the conjugation.
To this point we have presumed that isomer C rather than isomer C 0 is the photoisomerization product from isomers A and B in the drift tube, the justification being that because isomer C is formed through photoexcitation of RPSB in solution prior to electrospray it is also more likely to be the gas-phase photoproduct. Distinguishing the putative photoproducts may be possible through experiments in which isomer A is excited by visible light at the beginning of the drift tube, with mobility selection of the resulting product isomer by the second ion gate, followed by a PISA spectroscopy step. Isomer C should photoisomerize to give A and B whereas isomer C 0 would be unaffected by light.
Isomer D is generated through energetic collisions in the first ion funnel, but is not a photoproduct of A, B or C, and does not photoisomerize following exposure to visible light. These observations together with its relatively small collision cross section are consistent with D being a cyclic form with disrupted conjugation. Candidate cyclic structures for isomers C 0 and D include the protonated dihydropyridine isomer shown in Fig. 8(a) , the unprotonated version of which has previously been prepared through electrocyclization of 13-cis retinal, 25 and the structure shown in Fig. 8(b) which has been proposed as an intermediate in the fragmentation of RPSB. 26 Identifying these cyclic isomers may be possible through synthesis of candidate compounds that are then introduced into the IMS apparatus to verify matches between ATD peaks. It is also possible, although unlikely, that C and D are isomers in which the proton resides on a carbon atom in the polyene chain. These protomer forms are predicted to lie Z100 kJ mol À1 higher in energy than all-trans RPSB. 10 Considering isomer E, we note that it is generated through irradiation of the RPSB solution before electrospray [see Fig. 5(a) ], and also through photoexcitation of isomers A and B in the drift tube, that it photoisomerizes with visible light, is destroyed by energetic collisions in IF1, and has a smaller collision cross section than isomers A and B. These observations are consistent with E being a double or triple cis isomer (or family of isomers) which should be more compact than single cis isomers, yet should still absorb visible light.
RPSB S 1 ' S 0 transition À experiment and theory
Accurately forecasting the absorption wavelength of the isolated RPSB molecule is a necessary precursor for more challenging predictions for the absorptions of RPSB in solution or protein environments and for understanding the effects of counterions, non-covalent interactions and conformation. [27] [28] [29] [30] [31] The peak of the trans RPSB spectrum at 618 AE 5 nm (2.01 AE 0.02 eV) presumably corresponds to the S 1 ' S 0 origin transition (i.e. the adiabatic excitation) with the declining signal to shorter wavelength associated primarily with unresolved vibronic structure due to excitation of Franck-Condon active vibrational modes, particularly those associated with C-C stretch vibrations, which are known to undergo changes in equilibrium separation upon electronic excitation. 31 There may also be some contribution to the band's profile from absorptions of different 6s-cis(À), 6s-cis(+) and 6s-trans conformers, which, because they have similar energies and are separated by relatively low barriers (r10 kJ mol À1 ), should interconvert in the drifting ion bunch. 9, 24 In the future, it may be possible to distinguish the spectral contributions of the different 6s conformers using double resonance or hole burning strategies for a cooled RPSB sample.
There are several theoretical predictions for the S 1 ' S 0 transition energy of trans RPSB that can be compared with the new experimental results. It should be remembered that the calculated values usually represent vertical transition energies that will be somewhat higher than the adiabatic energies. Rajput et al. computed a vertical excitation wavelength of 620 nm for the 6s-trans isomer, and a vertical excitation wavelength of 547 nm for the slightly lower energy 6s-cis(À) isomer, 8 well to the blue of the trans RPSB PISA spectrum maximum (618 nm) and of its centre of gravity (583 nm). The photodissociation spectrum accompanying the calculations, which exhibits a plateau extending from 530 to 610 nm, was deemed to reflect the absorptions of 6s-cis(À) and 6s-trans conformers present in the ion population. However, the PISA spectrum of trans RPSB shows no sign of this plateau despite the fact that the different 6s-cis(À), 6s-cis(+) and 6s-trans conformers should be present in the drifting ion bunch. As noted Fig. 8 Possible cyclic isomers generated from RPSB through collisions or photo excitation. Energies of the different isomers are given with respect to that of 6s-cis(À) conformer of trans RPSB. Collision cross sections are calculated values as described in Section 3.1.
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above, the photodissociation spectrum reported in ref. 8 better resembles the PISA spectrum of Peak B (Fig. 7(b) ), and probably reflects contributions from a broad range of trans and cis isomers. Valsson and Filippi calculated vertical excitation wavelengths of 551, 530 and 523 nm for the 6s-trans, 6-cis(À) and 6-cis(+) isomers using the NEVPT2 method (and comparable wavelengths using the CASPT2 approach). 9 The similarity of the vertical transition wavelengths for the three 6s isomers is more consistent with our observation of a relatively narrow S 1 ' S 0 band. However, the predicted vertical transition energies probably overestimate the actual value À the predicted vertical transition wavelengths are at least 60 nm to the blue of the observed band's maximum and at least 30 nm to the blue from its centre of gravity (583 nm).
Altun et al. calculated the absorption wavelengths of 6s-trans and 6s-cis(À) isomers using several different methods with the closest match with experiment being for MRCISD+Q(6/6) vertical energies calculated using B3LYP ground state geometries with vertical excitation wavelengths of 604 nm for both 6s-trans and 6s-cis(À) isomers. 28 These calculations provide perhaps the best agreement with experiments. As well, Zhou et al. recently predicted a transition wavelength for the 6s-cis(À) isomer of 620 nm (2.00 eV) using the XMC-QDPT2/cc-pVDZ vertical excitation on M06-2X/cc-pVDZ ground state geometry, which closely matches the peak of the trans RPSB PISA spectrum. 32 
Photoisomerization mechanism
Here we briefly discuss the photoisomerization mechanism for RPSB in the gas phase. Although the current study demonstrates conclusively that photoisomerization occurs in the gas phase and favours specific isomers, details of the process are unclear. When cradled in a protein or in solution, RPSB follows specific isomerization pathways dictated by the system's evolution on the S 1 potential energy surface (PES) followed by passage through a conical intersection and onto the S 0 PES. [30] [31] [32] [33] [34] [35] [36] For example, computational studies of 11-cis retinal suggest that isomerization proceeds on the S 1 surface by a path involving skeletal deformations followed by torsion about the 11-12 double bond ending at a twisted conical intersection through which it accesses the S 0 surface. 31 In the condensed phase, rapid collisional quenching removes excess vibrational energy stabilizing the nascent isomer on the S 0 PES. Two conditions must be satisfied for a similar process to occur in the gas phase. First, there must be a negligible barrier between the Franck-Condon region and the conical intersection (because collisions are too infrequent to provide energy for surmounting a barrier on the S 1 surface). Second, survival of the nascent isomer in the gas phase depends on the efficacy of collisional quenching. At higher pressure, if collisional quenching of vibrational energy is sufficiently rapid, the RPSB isomer resulting from passage through the conical intersection(s) should be preserved. On the other hand, at low pressure or in vacuum, with no efficient way to dissipate vibrational energy, isomerization, rearrangement and eventually dissociation (if energetically feasible) will continue on the S 0 PES. It is difficult to decide which of these regimes applies in the drift tube where the collision rate is 10 8 -10 9 s À1 . The fact that photodissociation is relatively unimportant compared to photoisomerization (r1%), proves that collisional quenching is sufficiently rapid to thwart a process that recent model calculations suggest has an activation energy of E150 kJ mol À1 with respect to trans RPSB and which should be energetically feasible following absorption of a single visible photon. 26 Therefore, it seems likely that the nascent isomer distribution is at least partially preserved. Future measurements of photoproduct branching ratios as a function of buffer gas pressure may elucidate the role of collisional quenching and cast more light on the photoisomerization mechanism.
Concluding remarks
In this study we have selectively prepared and probed different RPSB isomers in the gas phase. The dominant photoisomerization pathways involve trans-cis interconversion, although cyclic isomers, which do not appear to absorb visible light, are also formed through collisional excitation of RPSB. Photodissociation is a very minor channel (r1%) in the drift tube environment presumably because the excited RPSB molecules undergo rapid vibrational deactivation through buffer gas collisions. Most importantly, we have recorded the S 1 ' S 0 photoisomerization action spectrum for trans RPSB which features a distinct peak with a maximum at 618 AE 5 nm. The new trans RPSB spectrum is very similar to the previously reported PISA spectrum for a mixture of RPSB isomers, 10 and to the original photodissociation spectrum of Andersen and colleagues. 7 The PISA spectrum of the other prominent isomer family (isomer B), most likely single cis isomers, features a somewhat broader peak than the trans RPSB spectrum, perhaps due to overlapping absorptions of several cis isomers. The clear difference between the trans RPSB spectrum (isomer A) and the cis RPSB spectrum (isomer B) conclusively demonstrates that the RPSB spectral properties depend on the isomeric form. This allows a rationalisation of the marked difference between the photodissociation spectra reported in ref. 7 and 8, which may have been recorded for samples with different fractions of trans and cis isomers. The current study demonstrates that isomers of RPSB are easily interconverted in solution by light, and in the gas phase by either light or collisions, emphasising the importance of carefully controlling preparation of RPSB prior to its spectroscopic interrogation. Ultimately we hope that photoisomerization studies of mobilityselected RPSB isomers (spectra and product branching ratios) will provide benchmark data for calibrating computational approaches used for predicting electronic spectra and dynamical behaviour of biochromophores.
Finally, we have confirmed that ion mobility spectrometry is a useful method for assessing isomerization of RSPB in solution. Previously, photoisomerization of RPSB in various solvents has mainly been followed using either HPLC or NMR, 3, 5 which are somewhat cumbersome methods for on-line monitoring. In contrast, IMS can potentially be deployed to continually assess the effects of light and heat on the isomer distribution for RPSB in solution. IMS has recently been used in this way to monitor photoisomerization of other photochromic molecules in solution, including protonated spiropyran/merocyanine. 37, 38 
